ABSTRACT. Conservation-oriented studies of Micronesian Kingfishers (Todiramphus cinnamominus) have been hindered by a lack of basic natural history information, despite the status of the Guam subspecies (T. c. cinnamominus) as one of the most endangered species in the world. We used tissue samples and morphometric measures from museum specimens and wild-captured Pohnpei Micronesian Kingfishers (T. c. reichenbachii) to develop methods for sex determination. We present a modified molecular protocol and a discriminant function that yields the probability that a particular individual is male or female. Our results revealed that females were significantly larger than males, and the discriminant function correctly predicted sex in 73% (30/41) of the individuals. The sex of 86% (18/21) of individuals was correctly assigned when a moderate reliability threshold was set. Sex determination using molecular genetic techniques was more reliable than methods based on morphology. Our results will facilitate recovery efforts for the critically endangered Guam Micronesian Kingfisher and provide a basis for sex determination in the 11 other endangered congeners in the Pacific Basin.
Three subspecies of the Micronesian Kingfisher (Todiramphus cinnamominus) have been described from the islands of Guam (T. c. cinnamominus) , Pohnpei (T. c. reichenbachii) , and Palau (T. c. pelewensis). The Guam birds are extinct in the wild (Haig and Ballou 1995, Bahner et al. 1998 , U.S. Fish and Wildlife Service 2004) , drastic declines have been observed on Pohnpei (63%; Buden 2000) , and little is known about the status of the Palau kingfishers. Pohnpei Micronesian Kingfishers have been used as surrogates to address gaps in our knowledge 4 Corresponding author. Email: DylanKesler@ picra.net of this species and to facilitate recovery efforts for all three subspecies (e.g., Kesler and Haig 2004 , U.S. Fish and Wildlife Service 2004) . However, recent and ongoing investigations of distribution, resource use, behavior, and movements have been limited by a lack of natural history information and research tools. A means of determining sex is among the field research methods desperately needed for the Pohnpei and Palau subspecies of Micronesian Kingfisher that do not exhibit sexually dimorphic plumages (Pratt et al. 1987, Fry and Fry 1992) .
Our goal was to facilitate field investigations and conservation-oriented research by providing methods for sex determination of Pohnpei Micronesian Kingfishers. We used tissue samples and morphological measures from museum specimens and wild-captured birds to test a new protocol for molecular genetic sexing based on polymerase chain reaction (PCR) of the chromo-helicase-DNA-binding (CHD) gene. Results obtained using molecular methods were then used in combination with multiple measures of museum specimens and wild-captured birds to derive a discriminate function for sex determination.
METHODS
Micronesian Kingfishers were studied at three locations on the island of Pohnpei, Federated States of Micronesia, that have been described elsewhere (Kesler 2002, Kesler and Haig 2005a,b (Pratt et al. 1987, Fry and Fry 1992) . Yearlings and juveniles were also characterized by slight rufous coloration in the flanks, although they were primarily white throughout the belly and vent (D. Kesler, unpubl. data) . For each captured bird, we measured tarsus length, exposed culmen, and wing chord. Each bird was also weighed using a 100-g spring scale (Pesola, Baar, Switzerland) and approximately 0.1 cc of blood was drawn from the ulnar vein using a 27-gauge needle. Blood was immediately placed in storage buffer (100 mM Tris-HCl pH 8.0, 100 mM EDTA, 10 mM NaCl, and 0.5% SDS) and frozen. Morphological measurements were also recorded from museum specimens at the American Museum of Natural History in New York, NY. D. Kesler recorded all morphological measures.
Molecular sex determination. We simplified a previously described protocol for sex determination (Jensen et al. 2003) by excluding the DNA extraction step and using different reagents. DNA was obtained from whole blood stored in buffer following Khatib and Gruenbaum (1996) . Approximately 10l of red blood cells were disrupted by boiling for 10 min in 12l of 50 mM NaOH at 99
• C. The solution was neutralized using 22 l of Tris-HCl 1M pH 8.0 and diluted by adding 1:3 (v/v) proportion of sterile water. This suspension was boiled at 100
• C for 10 min and used as the DNA source.
Fragments of genes CHD-Z and CHD-W located on the avian sex chromosomes were amplified using the primers P2 and P8 (Griffiths et al. 1998 ). The PCR amplification was performed in a final reaction volume of 10 l containing 1.5 l of DNA suspension, 1 × PCR buffer (Promega Corporation, Madison, Wisconsin, USA), 3.5 mM MgCl 2 , 25 mM each dNTP, 25 g/ml bovine serum albumin, 0.4 M each of primers P2 and P8, and 1 unit of Taq polymerase (Promega Corporation). The thermal cycling program was as follows: 3 min at 95
• C (denaturation), 35 cycles of 30 sec at 94
• C, 30 sec at 52
• C, 45 sec at 72
• C (amplification), and 5 min at 72
• C (final extension). Sex was identified through a 1.5% agarose gel electrophoresis visualized using ethidium bromide. PCR product produced a single band in males (derived from the Z chromosome) and two bands in females (Z and W fragments being amplified). Although previous results have revealed the reliability of sex determination through molecular techniques (Jodice et al. 2000) , we repeated our analysis on six samples to ensure accuracy.
Morphometric analyses. Morphological analyses were conducted using museum specimens and wild-caught adult Pohnpei Microneian Kingfishers. Results of our genetic analyses were used to determine the sex of wild-caught individuals. The sexes of museum birds were taken from specimen tags. Differences in mean measures of weight, flattened wing cord, exposed culmen, and tarsus length (Baldwin et al. 1931) were evaluated using t -tests. Logistic regression was then used in a discriminate function analysis of morphological characteristics of adult Micronesian Kingfishers to evaluate sex differences in linear combinations of interval variables. Only data from wild-caught kingfishers without missing measurements were included. A linear combination of morphological measures was fitted to sex using binomial logistic regression. Once developed, the model equation was tested on all sampled kingfishers. All analyses were conducted using the Statistical Analysis System (SAS Institute 1999). Unless otherwise noted, metrics are reported as mean ±1 SD, and differences were considered statistically significant at alpha < 0.05.
RESULTS

Blood samples from Pohnpei Micronesian
Kingfishers (N = 66) analyzed with molecular methods showed the expected pattern of two bands in females and one band in males. The size and base pair (bp) difference between the two amplified CHD fragments were similar to those reported for Guam Micronesian Kingfishers (Z band = 350 bp and W band = 400 bp; Jensen et al. 2003 ). We did not observe unspecific band amplification. To test the reliability of the molecular method, samples collected from the same individuals on different capture occasions were evaluated simultaneously. All six pairs of repeated samples resulted in identical outcomes, verifying the reliability of our method.
Morphological measures were assessed for 60 wild-caught and 29 museum specimens of Pohnpei Micronesian Kingfishers. Male Pohnpei Micronesian Kingfishers appeared to be smaller than females because they were significantly lighter, had shorter wing chords, and there was suggestive evidence that their culmen lengths were shorter (Table 1) . We collected complete measurement data for 41 study specimens. Mass data were missing for the 29 museum specimens and 19 wild-caught individuals. The discriminant function resulting from the logistic regression analysis was:
By including all four morphological characters, the mean response of males and females is significantly different (Type III test; P = 0.02) and negative parameter estimates also verify that males are smaller than females. The discriminant function can also be solved for to yield the probability that a particular individual is a male: where morphometric measures for individual i are used, and i is the probability that the bird is male. The discriminant function correctly predicted the sex of 73% (30/41) of the birds from the data set used to derive the equation. Accuracy increased as predicated values approach the extremes of 0 and 1, which is illustrated by an improvement in accuracy to 86% (18 of 21) for the sex of individuals with i < 0.30 and >0.70.
DISCUSSION
Pohnpei Micronesian Kingfishers exhibited reversed size dimorphism, with males smaller than females. Our results revealed that females weighed more than males, and had significantly longer wing chords and culmens. Additionally, the negative parameter estimates and statistical significance of the discriminant function provided further evidence that males were smaller than females. Reverse size dimorphism has also been documented in Laughing Kookaburras (Dacelo novaeguineae; Legge 2000a). Laughing Kookaburras are also in the family Alcedinidae, and their cooperative breeding system is similar to that of Pohnpei Micronesian Kingfishers (Legge 2000b , Kesler 2002 , suggesting that similar evolutionary forces may underlie size dimorphism in these birds. Legge (2000a) hypothesized that the size difference may give female kookaburra nestlings an advantage in a species with extreme sibling aggression.
Despite the statistical differences in mean measures, distributions overlapped substantially for all metrics. This prevented intuitive determinations of sex during fieldwork and necessitated other methods. Single morphological traits can provide useful tools for determining the sex of individuals in other species (e.g., Zavalaga and Paredes 1997), but no individual metric we examined provided a reliable means for sex determination in Pohnpei Micronesian Kingfishers. As a linear combination, however, the four characteristics of culmen and tarsus lengths, wing chord, and mass resulted in a useful discriminant function for sexing birds in the field. The discriminant function's reliability may also be enhanced through additional sampling and the inclusion of alternate morphological metrics.
Despite the utility of the discriminant function, our results indicated that the sex of Pohnpei Micronesian Kingfishers was most reliably determined using molecular genetic techniques. Results confirmed the wide applicability of the primers P2 and P8 described by Griffiths et al. (1998) . Furthermore, our modified avian blood DNA extraction protocol provided a simplified and low-cost method for obtaining high-yield and high-quality DNA.
With the simplification of molecular methods and increasing numbers of commercial and research laboratories, molecular sexing is now available to most field researchers for low costs. Blood and feather samples can be sent from study sites using overnight mail, and results can typically be accessed by telephone or internet within two days. Given the importance of accurate sex determination to most research projects, captive breeding programs, and conservation efforts such as translocations and reintroductions, the use of molecular sexing techniques currently seems underutilized.
